Atmosphere-only CMIP5 idealized climate experiments with quadrupling of atmospheric CO 2 are analyzed to understand the fast response of the tropical overturning circulation to this forcing and the main mechanism of this response. A new metric for the circulation, based on pressure velocity in the subsidence regions, is defined, taking advantage of the dynamical stability of there regions and their reduced sensitivity to the GCM's cloud and precipitation parametrization schemes. This definition permits to decompose the circulation change into a sum of relative changes in subsidence area, static stability and heating rate. A comparative analysis of aqua-and Earth-like planet experiments reveals the effect of the land-sea contrast on the total change in circulation. On average, under the influence of CO 2 increase without the surface warming, the atmosphere cools radiatively less and this drives the 3-4% slowdown of tropical circulation. Even in an Earth-like planet setup the circulation weakening is dominated by the radiatively-driven changes in the subsidence regions over the oceans. However, the land-sea differential heating contributes to the vertical pattern of the circulation weakening by driving the vertical expansion of the tropics. It is further found that the surface warming would, independently of the CO 2 effect, lead to up to 12% slowdown in circulation, dominated by the enhancement of the static stability in the upper troposphere. The two mechanisms identified above combine in the coupled experiment with abrupt quadrupling, causing a circulation slowdown (focused in the upper troposphere) of up to 18%. Here the independent effect of CO 2 has a considerable impact only at time scales less than 1year, being overtaken quickly by the impact of surface warming.
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Introduction

38
The latest investigations based on the CMIP5 (Coupled Model Intercomparison Project Phase 5, It is common to investigate the tropical overturning circulation through the prism of both the periment, the surface temperature is prescribed to the aquaControl mean. Therefore, the climate 137 system response in aqua4xCO2 represents the effect of the increase in CO 2 , and is not subject to 138 the change in surface processes resulting from increased surface temperature.
139
In the second part of the work, to account for the differential heating of land and sea surface, The length of the time series for both aqua-planet experiments is 5 years, for the amip experi-149 ments it is 30 years. We apply the methodology described below on the time series mean of aqua- to pre-industrial levels (Taylor et al. 2012 ).
169
Within this study, we use the outputs of an ensemble of eight General Circulation Models
170
(GCMs) that were run for both aqua-planet and amip experiments, as well as for the coupled 
Methods and Tools
a. Methodology
177
We limit our analysis of the circulation change to the tropical subsidence regions. Following the vertically-averaged zonal mean of mass stream function are considered as the tropics' limits 180 for any given time step (Fig. 1) . This allows the separation of the equatorward from the poleward 181 air mass transport. An atmospheric column within the tropics is considered a subsidence column 182 if the vertically-averaged vertical pressure velocityω is positive.
183
In the limits of the detected tropical subsidence regions, we define the subsidence mass flow 184 SMF as follows:
where g is the gravitational acceleration, A ↓ is the subsidence area and ω is the vertical velocity ticeable that the spatial pattern of SMF is dominated by that of ω (Fig. 1a) , as the grid-box area diagnose vertical velocity from the total diabatic heating rate Q T and static stability σ :
therefore equation (1) becomes:
We decompose the tropical total heating rate Q T into the purely-radiative clear-sky heating rate
209
Q rad and a residual heating rate Q res . The latter accounts for the cloud radiative effect, cloud 210 microphysics and the heating resulting from lateral eddy mixing (Phillips 1956) , and is calculated 211 for each profile as the difference between the diagnosed (from equation (2)) heating rate and the 212 clear-sky heating rate, derived by using radiative transfer modelling (see subsection 3b):
The definition of subsidence mass flow in equations (1) and (3), and the consideration of equa-214 tion (4) allow the decomposition of the change in subsidence mass flow as follows: ).
221
This methodology will be applied to all the identified subsidence columns and only then will 222 be averaged over the tropical subsidence regions. Therefore, it is probable that the averaging may 223 introduce some small differences in the sums referred above (equations (5) and (6), as well as in
). 
232
The absorption species volume mixing ratios were not available for all the investigated GCMs. 
242
The GCM vertical profiles are limited in the stratosphere to 10 hPa. To account for this, we 
254
To test the performance of PSrad on GCM outputs, we performed a comparison of these calcu- climate. This response is dominated by the change in Q rad (Fig. 2, line 4 our choice to use the mean profile as a representative of the tropical subsidence region.
327
After investigating the response of each variable to CO 2 forcing, we now look at the contribution 328 of the respective change to the general change in tropical overturning circulation (Fig. 4) . Accord-
329
ing to equations (5) and (6), a relative increase in subsidence area and in heating rate will force an 330 increase in circulation intensity, while an increase in static stability will dampen the circulation.
find that this weakening is of 3 − 5% in the ensemble mean (Fig. 4a, red line) and the ensemble 333 spread of the maximum decrease in circulation strength is 1 − 8% (Fig. 4a, gray lines) . It needs to 334 be mentioned that the slowdown of the circulation in the 700-800 hPa layer appears to be a robust 335 feature of this ensemble, but above this layer there are some models that suggest a strengthening 336 of the circulation. This model spread in the circulation change resembles the spread in the con-337 tributions of the static stability and subsidence area changes (Fig. 4b-c) . The static stability and ing rate is dominated by the change in clear-sky heating rate, which is reduced by around 10%.
346
However, above 400 hPa, the total and radiative heating rates become slightly more negative (the 347 atmosphere cools more). These findings, together with the ensemble spread found in Fig. 4b-c,   348 explain the slight increase in SMF in the upper troposphere, suggesting stronger subsidence. This stand out notably within the ensemble spread (Fig. 4a) , which seems to be related to the fact that In this section we perform a similar analysis as above, but for Earth-like atmosphere-only climate and Atlantic Oceans would lead to a better understanding of the changes in the dynamics of the 381 subsidence and the subsequent impact at a regional scale.
382
In comparison with the aqua-planet experiments, in the amip experiments we find that, on the 383 mean, the circulation weakens throughout the troposphere in response to CO 2 increase, not only in 384 its lower part ( Fig. 5 and S6 ). This more uniform tendency is driven by the different change pattern by the height of the sudden increase in static stability, the tropopause is on the mean situated 395 higher in the aqua-planet system than in the amip system ( Fig. 5 and S6 ). However, this does same tendencies: we find again a less cooling atmosphere in the forced climate (Fig. 5 and S6) . forcing without limiting the contributions to the atmospheric processes only.
432
We will refer henceforth to the combined actions of the greenhouse effect amplification and the 
447
The impact of the surface temperature rise on the static stability, subsidence area and diabatic
448
heating rate determine again clearly the vertical pattern of change in circulation (Fig. 6b-d is dominated largely by the response of the radiative heating rate to forcing (Fig. 6d-e) .
459
We find that the circulation weakens by 0-5% in the lower troposphere and that this response 460 is dominated by the weakening over the ocean (Fig. 6a) . In the upper troposphere the weakening 461 is more intense: up to 12%. Here, compared to the effect of CO 2 increase, the change in radia-462 tive heating rate leads mostly to a strengthening of the circulation (Fig. 6a) , except in the middle 463 troposphere. We can speculate that here the atmosphere cools less radiatively, but this effect is (Fig. 6d) . The same goes for the subsidence area change that increases by around 6% and is dom-467 inated by the considerable increase over land (Fig. 6c) . However, these positive contributions to to 60-70% in the upper troposphere (Fig. 6b) , driving the overall vertical pattern of the circulation 471 slowdown.
472
As we see above, there are two main mechanisms driving the circulation weakening in a realistic this slowdown is evidently driven by the increase in static stability.
478
Considering a coupled climate system in which the concentration of CO 2 is abruptly quadrupled
479
and then kept at the same level (the abrupt4xCO2 CMIP5 experiment), we find that the surface 480 temperature starts increasing immediately, considering climate time-scales: by up to 1 K in the 481 first year (not shown). However, due to the slow rate of CO 2 exchange between the surface waters 482 and the deep ocean, it takes more than 50-200 years for the system to reach a quasi-equilibrium.
483
In view of these distinct time frames, a brief investigation of the response of the circulation in 484 a coupled climate system will be carried out here by comparing the means over the first year profile of change is similar to the amip4xCO2 profile. Notably, the mean profile of change for the last 30 years of the experiment indicates to the effect of the increased surface temperature 496 on the heating rate (Fig. 7e) . In the case of the static stability change, the effect of the increase 497 in temperature is observed already in the first year (Fig. 7b) . Therefore, the fast response of the heating rate (Fig. 7) suggests that the adjustment of the cloud systems and air masses exchange to 503 the increased forcing occurs at this time scale and has a considerable impact on the circulation.
504
In Fig. 8 we present the impact of the two mechanisms of circulation change for every month in over-land and over-ocean profiles in the upper troposphere.
514
We concluded above that the fast response of the circulation to CO 2 is still detectable at time 515 scales smaller than 1 year. We also notice this in Fig. 8 in the first months, when the static stability 516 decreases slightly (and has a positive contribution), while the atmosphere is cooling less up to 517 400 hPa. In other models these first 3-5 months are even more evident (see Fig. S7 for MPI-ESM-518 LR), therefore an investigation of a larger ensemble would be an obvious outlook for this study.
519
After these first months the enhancement of the static stability in the upper troposphere becomes 520 more evident, which also drives the general vertical pattern of change in circulation intensity.
521
Concluding, we found that the likely tropical circulation weakening as a result of increased CO 2 522 forcing is driven by different mechanisms depending on the investigated time and space frame.
523
In the first months after a hypothetical sudden increase in CO 2 concentration, the circulation will 
Conclusions
529
Here we investigated the fast response of the tropical overturning circulation to CO 2 forcing.
530
The analysis was performed on an ensemble of 8 GCMs for the CMIP5 aqua-planet and amip 531 experiments with CO 2 quadrupling from control levels, but with fixed sea surface temperature.
532
We define a new metric for the circulation, the subsidence mass flow, which characterizes the 533 subsidence strength in the tropics. In addition to the assessment of the change, this metric allows 534 the quantification of the contribution of various processes to the total circulation change. By 535 limiting our analysis to the subsidence regions, we reduce the impact of uncertainties arising from 536 the GCM precipitation and convection parametrizations on our results.
537
We have confirmed that the tropical circulation weakens with rising CO 2 concentration, even 538 when surface temperature is held fixed, as has been argued by Bony et al. (2013) . In our met-539 ric, the weakening is 3 − 4% for a quadrupling of the CO 2 concentration, similar to the results of
540
He and Soden (2015) . The driver of this change is the CO 2 radiative effect on the atmospheric 541 heating rate: the atmosphere cools less (by up to 15%) with larger CO 2 content, reducing the ra- 
